INTRODUCTION
The dramatic red Mesozoic sandstones in the southwestern desert of the United States often evoke images of the red planet, Mars. Understanding the evolution of red rock diagenesis on Earth could provide insights on the geologic history of Mars. Some of the most intriguing discoveries from the 2004 National Aeronautics and Space Administration (NASA) Mars Exploration Rover (MER) Opportunity images were the abundant accumulations of spherical balls (<0.5 cm diameter) of hematite. These spherical forms were dubbed "blueberries" because their distribution in the host rock was similar to blueberries in a muffin .
Similar spherical balls are common on Earth as concretions, and many resemble marbles in size and shape. Concretions are concentrated mineral masses of a minor component precipitated in pores of sediments and sedimentary rocks (e.g., Mozley, 2003) . Although there is no perfect Earth analog for the unique sedimentary system discovered at Meridiani Planum (e.g., basaltic host rock, evaporite cements, pure hematite concretions; Squyres et al., 2004) , the Navajo Sandstone in southern Utah contains some of the world's most abundant and diverse examples of spheroidal iron oxide concretions and can be used to evaluate complex diagenetic concretion-forming processes.
This paper builds on previous work Ormö et al., 2004) to highlight how interpretation of the new detailed Mars data requires a solid knowledge of Earth analogs and processes. Interdisciplinary studies of sedimentology and diagenesis from the terrestrial realm can yield valuable insights for understanding planetary geology. Despite differences in host rock, water types, sources of iron, burial history, and fluid flow timing, diagenesis on both Mars and Earth led to the formation of spherical hematite concretions. We present our model of red rock diagenesis from Utah examples, compare remarkable forms between Earth and Mars, and discuss the implications of the terrestrial analog for understanding Mars. 
Red rock and red planet diagenesis:
Comparisons of Earth and Mars concretions
RED ROCK DIAGENESIS
The Lower Jurassic Navajo Sandstone is a well-exposed and widespread eolian unit in southern Utah ( Fig. 1 ) with conspicuous color variations and a variety of iron oxide concretions. It is well known that sandstone color variations are due to different amounts of iron oxide (Cornell and Schwertmann, 2003) , but the mechanisms of diagenesis and relationships to fluid flow and concretions have only recently been recognized (Chan et al., 2000; Chan and Parry, 2002; Beitler et al., 2003 Beitler et al., , 2005 Parry et al., 2004) . Our studies of field relationships, petrography, geochemistry, mineralogy, and geochemical modeling provide the basis for analyzing fluid flow history within this system.
The Navajo Sandstone is one of the most porous and permeable units of the Colorado Plateau and therefore is a conduit for fluid movement, creating favorable conditions for the formation of concretions. The well-sorted, fine-to mediumgrained eolian quartz arenite is composed of framework grains that are typically ~90% quartz, ~5% potassium feldspar, and ~5% clays and other accessory minerals (Beitler et al., 2005) . Effective porosity averages ~17% (Cordova, 1978) , and permeability can be up to 1 Darcy (Lindquist, 1988) with the coarser-grained grain flow laminae having higher permeabilities than the finer-grained and more clay-rich wind ripple laminae. Cement volumes typically comprise a few percent in unaltered Navajo Sandstone to as much as 35% in the concretions (Beitler et al., 2005) . The conditions for formation of Utah concretions are interpreted to be diagenetic based on Navajo Sandstone burial estimates ) and lack of high-temperature evidence or mineral assemblages.
Navajo Sandstone color variation and iron mineralization can be summarized as a three-step process of diagenetic stages involving groundwater flow, based on synthesis of material previously presented in several papers (e.g., Chan et al., 2000 Chan et al., , 2004 Chan and Parry, 2002; Beitler et al., 2003; Parry et al., 2004) . 1. Iron source. The source of iron is the initial breakdown of detrital Fe-bearing silicate minerals within the sandstone during interaction with meteoric waters. Thin iron oxide films coat individual sand grains shortly after deposition or during early burial (Berner, 1969) . The thin hematite films typically comprise 0.18-1.25 wt% (Beitler et al., 2005) of the whole rock and impart a pink to orange-red color to the sandstone ( Fig. 2A ). 2. Iron mobilization. After burial and early cementation (e.g., calcite, quartz overgrowths), reducing fluids derived from underlying units move through the porous sandstone and remove the iron oxide films (Fig. 2B-C) . The reducing fluids effectively bleach the sandstone white, leaving <0.5 wt% iron oxide (Beitler et al., 2005) . The reducing fluids may also reduce sulfate to sulfide and precipitate some of the iron as pyrite. Previous work on the Navajo Sandstone suggested that the reducing fluids are likely hydrocarbons (petroleum or methane) (Chan et al., 2000) . Bleaching occurs on millimeter to regional (Beitler et al., 2003) scales, reflecting the broad range of heterogeneities that can control fluid flow. 3. Concretion precipitation. Reducing fluids that carry the iron eventually mix with oxidizing groundwater ( Fig.  2D -E). Under phreatic conditions where all the pores are saturated with the reducing fluid, diffusion at the interface between the oxidizing and reduced solution causes oxidation of iron and precipitation of concentrated hematite and/or goethite cements (von Gunten and Schneider, 1991) . If pyrite is present, it would also oxidize to goethite at this stage. Many different shapes, such as bulbous nodules, pipes, sheets, and banding occur ( Fig. 3 ), but the most common form along a reaction front is spheroidal. Dating of related mineralization (Chan et al., 2001) suggests that some precipitation occurred ca. 25 Ma, but mineralization commonly appears episodic, and some mineralization may be younger. This diagenetic model of mixing fluids to precipitate concretions is similar to uranium roll-front models (e.g., Adler, 1974; discussion in Beitler et al., 2005) where uranium precipitates at chemical reaction mixing fronts. However, uranium precipitates under reducing conditions and is mobile under oxidizing conditions, the reverse of iron (Fig. 4) . In the iron oxide model presented here, it is important to recognize this is an open chemical system with many complexities, including kinetic barriers, nucleation, mass transport, heterogeneities, and lack of equilibrium.
Concretion growth is affected by two important components of mass transfer: advection and diffusion. Advective flow is necessary to supply the required amounts of reactant iron and is indicated by oriented concretionary flow forms (Fig. 5) . Iron is transported to the sites of concretion formation in water as reduced (ferrous) iron. The iron is precipitated by oxidation at a mixing front where the oxidant is transported to the site in a separate solution. There are insufficient amounts of iron and oxidant in a local volume of just the host rock alone to form an iron oxide concretion. Advection of reactants in two solutions is necessary.
Consider a spherical volume of porous rock 10 cm in diameter. If the water saturating the rock at 20% porosity contained 20 mg/kg Fe 2+ or 10 mg/kg O 2 (reasonable for air-saturated meteoric recharge water), the iron precipitate could amount to 3 mg of hematite or the O 2 could precipitate 10 mg of hematite. The amount of iron oxide in the Utah concretions exceeds this amount considerably. Therefore, both iron and oxygen must be supplied to the precipitation site advectively or by diffusion over large distances (several meters). Although advective mass transfer may be necessary for conditions that would support concretion growth, the spherical shapes and organized distribution suggests that diffusion of reactants from one solution to the other actually causes concretion precipitation (Berner, 1968 (Berner, , 1980 .
UTAH-MARS SIMILARITIES
Hematite (Fe 2 O 3 ) and iron oxide-hydroxide (e.g., goethite, FeOOH) nodules occur in a variety of geological settings and have a wide range of expressions, including pedogenic (Cescas et al., 1970; Schwertmann and Taylor, 1989; Stiles et al., 2001) , oolitic (Van Houten and Bhattacharyya, 1982) , and lakebed or seafloor nodules (Burns and Burns, 1975) . Although a number of mechanisms can generate spherical shapes and iron oxide-rich nodules, the Utah concretions are consistent with more of the Mars blueberry characteristics and currently comprise a good analog for Mars blueberries for six reasons: 1. Comparable hematite mineralogy. X-ray diffraction and spectral analyses of Utah concretions show that different chemical reaction fronts from spatially distinct areas can have a range of compositional variations, including hematite and goethite (Chan et al., 2000; Beitler et al., 2005) . The free energies of hematite and goethite are so close that either or both can precipitate (Majzlan et al., 2003) (Fig. 4) . Iron solids typically precipitate at an oxic-anoxic boundary as polynuclear aggregates of Fe +3 hydroxides and ferrihydrite (Schwertmann and Fischer, 1973; von Gunten and Schneider, 1991) . The original precipitate can convert to goethite, lepidocrocite, akaganeite, and finally to hematite (Berner, 1969) . New studies suggest the Mars concretions were likely precipitated initially as goethite and dehydrated to hematite Tosca et al., 2005) , similar to the Utah system. Mars hematite was suspected to be pure and crystalline based on spectral signatures (Christensen et al., 2001; Catling and Moore, 2003) , which was confirmed by the distinctive six-peak hematite signature from in situ Mössbauer analysis at the Opportunity site . Hematite concretions within the Navajo examples are typically fine-grained and red, in contrast to the pure, coarse-grained (gray) and crystalline concretions on Mars McLennan et al., 2005) . The Utah concretions contain up to 35% iron oxide (Chan et al., 2000; Beitler et al., 2005) , where nearly every mineral component is replaced by the hematite except for the very resistant quartz host grains. Similarly, the spherules in the "Berry Bowl" at the Eagle Crater, Meridiani, are reported to be replacive with up to 50% hematite and some remaining host rock component of basaltic mud and evaporite in the spherules .
Comparable size and self-organized in situ distribution.
The spherical forms in Utah and Meridiani have consistent and constrained size populations McLennan et al., 2005) . The distribution within the host rock is one of the key factors indicating that the Mars blueberries are concretions (Fig. 6) . In nearly every other way that spherical terrestrial iron oxide nodules are generated (such as seafloor nodules, oolitic, or other), nodules would be clustered and touching, typically in a single bed. Instead, the concretion distribution suggests self-organization (Ortoleva, 1984 (Ortoleva, , 1994 ) with a self-propagating, nearest-neighbor spacing. The Mars concretions appear to be contained within a specific geologic unit with consistent physical properties (Hynek et al., 2002) . Although overall Navajo Sandstone spheroidal concretions range from mm-sized "blueberries" to >10 cm-sized "grapefruits," within any one reaction front population there is generally a consistent size. In general, small concretions are more closely spaced, and larger concretions are more widely spaced . The distribution of concretion sizes and their spacing is related to diffusion and density of nucleation sites. Thus, sparse large concretions form from a low number of nucleation sites, similar to textures in materials science and metamorphic porphyroblasts (e.g., Carlson et al., 1995) . 3. Comparable loose spherical forms in weathered accumulations. Concretions are hard masses that are better cemented than the more easily weathered host rock and are collected in topographic lows because the round, loose marbles and blueberries can easily roll downhill (Fig. 6) . The MER rock abrasion tool indicates the Mars blueberries are much more cemented than the surrounding host rock (Herkenhoff et al., 2004) . Thus, the resistant balls collect on flat or topographically low places as a function of the weathering processes (e.g., eolian deflation lags) and inherent properties of the cementation . At the outcrop scale, iron oxides occur in relatively low amounts because the disseminated concretions are spread out within the host rock. Areas with higher iron oxide values occur where there are greater accumulations of concretions. 4. Comparable internal structure. Although internal structures of other common concretions (e.g., carbonate) can show nuclei (Burns and Burns, 1975) , the Utah Navajo Sandstone concretions and the Mars blueberries both lack an obvious macro nucleus (Fig. 7 ). An initial nucleus (such as a potassium feldspar or calcite grain in Utah sandstone) could be consumed in chemical reactions over time [e.g., H + consumption driving up pH to precipitate FeO(OH)] (Fig. 4) . Many of the small, mmsized terrestrial concretions typically show solid interiors, lacking obvious internal structure (Fig. 7B) . The massive, solid interiors suggest fluid saturation and sufficient supply of the chemical reactants, balanced with the space for their growth (as opposed to outer rind types or "onion skin" types). With more time and perhaps multiple fluidflow events, larger forms may grow. Within a given area and redox front, there can be thousands of small concretions. Some of the larger concretions typically exhibit layered internal structure, and some might have just one outer layer (from very thin, like an eggshell, to a thick rind) ( Fig. 7B and 7C ). Internal structure of the Utah concretions varies formation-wide, but is typically consistent within a specific reaction front population. 5. Comparable geometric forms. Both the Utah and Mars systems contain abundant spherical forms as well as some joined doublet and triplet forms ( Fig. 7D and 7E ).
Where concretions nucleate in a homogeneous host rock by diffusive influx of solvents, the sphere is the most efficient (minimum free energy) form. In the Utah system, concretion size is at least partially a function of host rock properties. The spherical geometry and consistent size of the Mars concretions suggest the host rock is relatively homogeneous. The persistent occurrence of joined forms (e.g., doublets and triplets) can be attributed to nucleation phenomena, merging growth of adjacent spheres, or clustering as the diagenetic fluids move through the host rock. Navajo concretion triplets can form in a line or at angles ( Fig. 7C and 7E ). It is clear that variations in porosity and permeability have a strong influence on the formation of concretions (Seilacher, 2001) . If anisotropies are present, mineralizing fluids tend to move preferentially along the paths with highest permeability (e.g., Mozley and Davis, 1996) . Anisotropy of individual lamina can affect the fluid flow, and thus the spherical concretions may have a ridge-like feature around the periphery (Fig. 5D ). Preferential cementation can occur as joint or fracture-fill as these provide conduits for migrating fluids. Cements precipitated along these pathways (whether iron oxide or other mineralogy) weather out as resistant "fins," akin to the dubbed "Razorback" recognized on Mars ( Fig.  6G and 6H ). 6. Comparable variations in cementation. Variations in cementation within the Mars system have created roughtexture forms dubbed "popcorn" by the MER team . "Popcorn" concretions with a rough outer surface occur in the Utah analog where the concretion has a relatively low amount of cement and sometimes can show multiple diagenetic stages. In other words, "popcorn" may be a concretion form in which the iron oxide cement is only a few wt% versus more densely cemented concretions ( Fig. 7F and 7G ). "Popcorn" forms may have a hematite core, with more roughly textured portions of the concretions on the outside that can be interpreted as multiple cement generations and similarly can form in terrestrial examples.
COMPLEXITIES OF CONCRETION SYSTEM
There are clearly differences between Utah and Mars concretions. The Navajo concretions precipitate in a relatively chemically inert quartz arenite, where it is fairly straightforward to identify diagenetic mineralogy within the host rock pores. In the Meridiani environment, the host rock is more labile and potentially more involved in supplying the reactants for concretion formation (e.g., Catling, 2004; McLennan et al., 2005; Tosca et al., 2005) . We infer that the Mars spherical forms are concretions that may have formed from mixing of an aqueous fluid that contained iron in solution and a separate oxidizing groundwater that precipitated hematite.
Occurrences of concretions in the Navajo Sandstone span many tens of kilometers, with variable conditions, expressions, and chemical reaction fronts, which all contribute to the diversity of forms. The Utah examples contain many shapes and sizes in comparison to Mars because (1) different tectonics, local porosity variations, and multiple fluid events have a notable effect; and (2) the Opportunity rover has traversed smaller areas and distances to date. The strength of the Utah examples in interpreting the Mars concretions is that the variability in the terrestrial system helps us to determine how different parameters affect the resulting concretions, and this in turn can help us isolate which parameters likely prevailed in concretion formation on Mars.
SUMMARY
Utah marble iron oxide concretions provide a valuable analog to help interpret spherical hematite blueberries on Mars. Although the singular aspect of the spherical geometry alone can be compared to a wide range of possible geologic Earth analogs where iron oxide occurs in nodular forms, the concretion model shows the most compelling comparisons to Mars. Both terrestrial marbles and Mars blueberries preserve a valuable stage of the diagenetic history that might not otherwise be present in the more extensive host rock. Variations on the terrestrial models help isolate potential controls on the processes, and these differences may be useful in distinguishing how and why the Mars blueberries are unique.
team; their images provide the basis for comparing the Martian results with the terrestrial analogs and will stimulate many future studies in understanding extraterrestrial processes.
